Abstract-We experimentally investigate the focusing properties of a triangular two-dimensional photonic crystals of which all the cylinders are coated. The relationship between the location of object and image point is analyzed. It's demonstrated that at a certain frequency with relative refractive index of −1, the position of image point obey the geometric-optics analysis and non-near-field imaging can be achieved.
INTRODUCTION
Recently a lot of interest has been focused on negative refraction of electromagnetic (EM) wave in the left-hand-materials (LHMs) [1] [2] [3] or photonic crystals (PCs) [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . A promising application is that a parallel-sided slab made of NIR materials can focus electromagnetic (EM) waves just like a lens [1] . This flat lens possesses some advantages over conventional lenses. For example, it can partly overcome the diffraction limit and achieve subwavelength resolution [6] [7] [8] .
Negative refraction in the PCs can be analyzed by the equifrequency surface (EFS) of the band structures [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The dispersion properties of the PC are determined by the structure and various parameters of the system such as dielectric constant, size of the scatterers and so on. Due to the anisotropy of the dispersion in 2D PC, the images in many cases only appear in near-field region, and the image distance has little dependence on the source distance [7] [8] [9] . Recently, non-near-field images, which obey fairly well the image distance relationship characteristic of an n = −1 material, have been theoretically obtained in 2D PCs [11] [12] [13] [14] . In this paper, we experimentally investigate negative refraction of a triangular two-dimensional photonic crystals consisting of coated cylinders. The relationship of the location of object and image point is analyzed at a certain frequency with relative refractive index of −1.
MEASUREMENT OF REFRACTIVE ANGLE
The sample used in our experiments consists of a number of coated cylinders immersed in a Styrofoam template. The coated cylinders have metallic cores coated with a dielectric coating, which has been investigated theoretically in Ref. 13 . The radii of metallic core and coated cylinder are 0.25a and 0.45a, respectively, where a (= 12 mm) is the lattice constant. The dielectric constant of dielectric coating is 7.0. We use copper as the metallic core. In the experiments, we only consider the transverse magnetic (TM) modes (S wave), where the electric field is kept parallel to the extension axis of the metallic rods.
The refraction experiments are performed in a semicircular cavity. Figure 1 shows the experimental setup. The wedge shaped samples with different wedge angles are used. When incident wave impinges on the wedge interface the refraction wave travels either on the right side (positive refraction) or the left side (negative refraction) of the surface normal. To detect the refraction beam, a dipole antenna is mounted on a goniometer that can be rotated around the outer edge of the semicircular cavity. By examining the variation of the refraction angle θ with the incident angle θ 0 , we can obtain the refractive index. It's found that at 12.7 GHz θ 0 is linearly proportional to θ 0 in the whole angle region. We can conclude that at this frequency the relative refractive index is −1. The direction of the refracted wave inside the PC can be estimated from the EFS. Our experimental result agrees well with the theoretical estimation. 
MEASUMENT OF IMAGE DISTANCE
We examine a series of slab samples with different thickness. A 400 mm wide and 75 mm thick slab sample are taken as the first example. A monochromatic point source radiating a frequency of 12.7 GHz is placed at a distance 37 mm from the left surface of the slab. Its noticed that the image is formed at a distance about half thickness of slab from the right surface slab. When the 115 mm thick sample is taken the point source is also placed at the distances of half thickness of the samples from the slab. We find that the image-slab distance (image distance or V ) is still equal to the object-slab distance (object distance or U ), which means that the summation of them is about the thickness of the slab (L).
The above results are for the cases in which the point sources are placed at a distances of half thickness of the samples. We further change the position of source and examine the relationship between the object distance and the image distance. The experiments were carried out for three different source distances, namely 32, 58 and 83 mm. Figure 2 shows the experiment and simulation results for the same sample under different source distance. It can be seen that the image distance varies with the object distance, and our further data analysis shows the summation of image-and object distance keeps the same. The imaging obeys fairly well the formula U + V = L. 
CONCLUSIONS
In conclusion, we experimentally investigate the imaging property of PCs that consist of the coated cylinders with the triangular lattice. This PC can act as an isotropic effective metamedium with relative refractive index n = −1. It's demonstrated that the image distance plus the object distance is equal to the thickness of PC slab. The location of image point follows the well-known wave-beam negative refraction law.
